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Abstract 
Replacing oil vapor with inert gas during the process of purging oil tank has advantages of high security and high efficiency. Through the 
assumption and simplification of the replacement process, a differential equation for calculating the replacement time is established. After 
solving it, a computational formula is obtained by the means of introducing diffusion coefficient into the equation. By nonlinear fitting the 
three-time experimental data, the concrete values of diffusion coefficient with three-time different flow volume are worked out, and the 
full calculation formula between O2 volume fraction and replacement time is acquired as well. The calculation formula deduced from this 
paper has a high realistic reference value to the process of purging oil vapor in oil tank. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Beijing Institute of 
Technology. 
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1. Introduction 
The oil vapor in all kinds of oil tank, especially in the gasoline tank, must be dealt with by the means of ventilation 
before the regular inspection, derusting, coating, maintenance and other construction work. At present the current way for 
dealing with oil vapor in oil depot is mechanical ventilation, however, this method have obvious drawbacks. Firstly, the 
safety is poor. As we known oil vapor is a typical combustible material and can cause a fire or explosion easily, and which 
always leads to great casualties and huge economic losses. Secondly, the ventilation time is long, and the efficiency is very 
low. Generally speaking, the ventilation work for a tank with the capacity of 3000m3 often lasts more than 20 days, and the 
efficiency is very low. Therefore, the safety and efficiency in the process of ventilation are hot issues in the field of oil 
storage and transportation industry.  
Researches and practice indicate that inert gas has good preventive effect on combustion and explosion[1-5]. Replacing 
and purging oil vapor by using inert gas in the process of oil vapor’s treatment in oil tank can not only improve the safety of 
ventilation, but also can greatly reduce the ventilation operation time[6]. At present, replacement methods mainly include 
the atmospheric pressure dilution method, pressure circulation method and vacuum method[7]. The atmospheric pressure 
dilution method also can be called flow replacement method, and it is used most commonly in the ventilation of oil tank in 
oil depot. However, due to the complexity of the replacement process and the complicated turbulent flow condition of multi-
components, there are many influence factors in this complex replacement process. For example, diffusion property of the 
each gaseous composition, ventilation flow, composition of the inert gas, external environment, the shape of the oil tank, the 
position and size of the inlet and outlet pipe etc.. Therefore, it’s difficult to calculate the replacement time precisely and 
directly in the inert replacement process. In this paper, by the means of combining mathematical analysis and simulation 
experiment, this problem is studied and then gets solved. Firstly, based on the reasonable assumption and simplication, the 
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mathematical analysis of the inert gaseous replacement process in oil tank is finished, and secondly, through the simulation 
experiment the value of modified parameter is obtained, and finally, the full calculation formulas of the replacement time 
for the three experiments are complete. 
2. Mathematical analysis and calculation 
Oil tank inerting refers to decreasing oil vapor’s volume fraction below the lower explosive limit (1.3%) or descending 
oxygen volume fraction below the minimum value needed in combustion or explosion (14%), and maintain this state in a 
long period. 
As shown in Fig. 1, assuming the volume of the oil tank is V, O2 volume fraction in the oil tank is A, oil vapor’s volume 
fraction is B. Inert gas is exhaust gas of a combustor, which is low cost, and the main composition includes O2, CO2 and N2 
and the volume fractions of them are ,  and . Inert gas flows into the oil tank from the inlet on the bottom of the 
tank’s body, and the flow volume is Q. After mixing and diffusing with oil vapor in the oil tank, inert gas flows into the 
atmosphere through the outlet on the top of the oil tank’s body. 
 
 
Fig. 1. Sketch of the replacement process. 
No matter which gaseous composition we select, it always involves the convection and diffusion with other gaseous 
composition in the inert replacement process, however, the process of convection and diffusion are similar in fact, so once 
the changing rule of a gas composition is obtained, other composition’s changing rule can be acquired easily by the same 
method. In this paper, O2 was selected as the composition of mathematical analysis. 
2.1. Assumption and simplification 
As mentioned above, the replacement process is complex and involves various gaseous diffusion, convection and mass 
transfer. In order to facilitate the analysis and calculation process, idealized assumptions and simplifications are made, and 
then, after the calculation formula being derived, the effect of gas diffusion on replacement process is taken into 
consideration at last. The assumptions and simplifications are made as follows: (1) we ignore temporarily the diffusion 
process between inert gas and the gas in oil tank, and assume that any gas composition’s concentration is equal everywhere 
at any time in the oil tank; (2) the outlet is connected to atmosphere, the pressure in the tank is atmospheric pressure, and the 
temperature is maintained constant during the replacement process; (3) no gas leakage in the replacement process. 
2.2. Mathematical calculation 
Based on the analysis and simplification, the replacement time t is set as independent variable, and the O2 partial volume 
in the oil tank is defined as V(t) and treated as dependent variable, obviously, it is the function of time t. Using infinitesimal 
method, we set the variation of O2 partial volume is d(V(t)) during a certain time interval (dt) in the replacement process, 
and its value should be equal to the difference between the value entered into the oil tank and the value discharged form the 
oil tank. 
If inert gas flow volume is set as Q, and the O2 partial volume in inert gas is defined as , the partial volume of O2 
entered into the tank during the time interval dt can be written as ·Qdt . Because the partial volume of O2 is V(t) when the 
time is t, so the O2 volume fraction in the oil tank is  V(t)/V and it can be treated as a constant during the time infinitesimal 
element dt, then the O2 volume fraction discharged from the oil tank can be expressed by (V(t)/V Qdt during dt. So a 
differential equation can be drawn as follows: 
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V t
d V t Qdt Qdt
V
                                                                 
(1) 
The initial condition is  
t=0 V(t)=A·V 
Solving eq. 1 and substituting into initial condition, we can acquire 
Q
t
VV t V A Ve
                                                                 
(2) 
Assuming V(t)/V = C(t), so 
C(t)= 
Q
t
V
V t
A e
V
                                                                 
(3) 
Solving eq. 3, the displacement time t can be written as  
ln
V A
t
Q C t
                                                                 
(4) 
The amount of inert gas used in the replacement process can also be got  
ln
A
M Qt V
C t
                                                                 
(5) 
From eq. 3 we can see that when , A and Q are constants, the relationship between the O2 volume fraction C(t) and the 
replacement time t follows a function of negative exponent. Eq. 4 indicates that the replacement time t is in inverse 
proportion to the flow volume of inert gas Q and increases as volume fraction of O2 C(t) increases in the oil tank, and this 
can be described by a logarithmic function. 
Marking t  as the oil vapor’s volume fraction in the oil tank, if the oil vapor is selected as the composition of 
mathematical analysis, in the derivation process we just need to replace A with B and replace  with the volume fraction of 
oil vapor (because inert gas doesn't contain oil vapor, so its value is zero), we can acquire a formula of replacement time 
expressed by oil vapor’s volume fraction: 
ln
V B
t
Q t
           
                                                                 
(6) 
2.3. Effect of gas diffusion on replacement process 
After the actual inert gas flowing into the oil tank, concentration gradients are formed immediately among the gas 
mixtures in the oil tank, therefore, the replacement process not only includes convective mixing but also involves diffusive 
mixing among those gaseous compositions, and this will impact the replacement process. In order to taking this effect into 
the calculation formula, a diffusion coefficient F is introduced as the correction for eq. 4. 
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ln
V A
t F
Q C t
           
                                                                 
(7) 
In the eq. 7, the diffusion coefficient F is related to geometry size and shape of the oil tank, the diffusion property of the 
inert gas and the gas in the tank, the flow characteristics of each gaseous composition and other factors[8] etc.. 
Considering the effect of the diffusion on the replacement process, we can obtain eq. 8 after introducing diffusion 
coefficient into eq. 5. 
ln
A
M Qt FV
C t
           
                                                                 
(8) 
2.4. Determination of the diffusion coefficient F 
Eq. 7 can be rewritten as follows. 
ln ln
V V
t F A F C t
Q Q            
                                                                 
(9) 
If a = ln
V
F A
Q
b =
V
F
Q
c = eq. 9 can be also rewritten as eq.10. 
lnt a b C t c
           
                                                                 
(10) 
By using the software Origin and nonlinear fitting experimental data according to eq. 10, the value of a, b and c in the eq. 
10 can be obtained respectively. And then, the value of parameter F can be calculated through the experimental data and the 
value of parameter a  and b. The calculation formula of the parameter F is 
ln 2
Q Q
F a A b
V V            
                                                                 
(11) 
In eq. 11, the first item in the bigger bracket is the value of parameter F expressed by parameter a, and the second item is 
the value of parameter F expressed by parameter b, and the final value of parameter F is determined by the average value of 
both item. 
3. Experimental apparatus and process  
The simulation oil tank, which volume is 1.56m3, is adopted in experiments, and O2 volume fraction is measured by 
FGA-4100 exhaust gas analyzer. The Simulation oil tank and the exhaust gas analyzer are shown as Fig. 2 and 3. The 
combusted gas is used as inert gas, and the O2 volume fraction  among it is maintained no more than 6.5%. The inert gas 
is collected in a plastic bag, and then it can be pumped into the simulation oil tank by a 2×8 rotary vacuum pump 
conveniently.  
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 Fig. 2. Simulation oil tank.                                                                                                   Fig. 3. FGA 4100 exhaust gas analyzer. 
Experimental process was set as follows: (1) connect the experimental device and check the gas tightness; (2) adjust 
intake valve and control the flow volume of inert gas up to a certain degree; (3) let the inert gas enter into the simulation oil 
tank and record initial time immediately when the outlet valve was opened; (4) measure and write down the O2 volume 
fraction evry certain time intervals. The simulation experiment were carried out three time in total, and the flow volume of 
inert gas Q were set at 3.043L/s, 5.23L/s and 6.49L/s. The experimental results of the three time were shown respectively in 
Table 1-3. 
Table 1. Experimental data when the flow volume of inert gas is 3.043L/s 
Replacement time t/s 0 615 975 1405 1580 1640 1700 1760 1820 
O2 volume fraction C/% 20.80 15.10 11.20 8.20 7.20 7.10 6.90 6.80 6.60 
 
Table 2. Experimental data when the flow volume of inert gas is 5.230L/s 
Replacement time t/s 0 120 240 427 479 672 936 
O2 volume fraction C/% 20.60 16.52 12.8 10.00 9.50 7.80 6.70 
 
Table 3. Experimental data when the flow volume of inert gas is 6.490L/s 
Replacement time t/s 0 146 227 298 409 472 703 803 
O2 volume fraction C/% 20.20 14.00 11.60 9.90 7.80 6.70 4.60 4.10 
4. Experimental results and analysis 
The values of parameters a, b and c obtained through the three-time experimental data and the relative error between 
fitted value and experimental data are shown in Table 4-9. The scatter diagram and fitting curve acquired through the three-
time experimental data are shown as Fig. 4 and 5. 
Table 4. Fitted values of parameters when the flow volume of inert gas is 3.043L/s 
Parameters A 
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
0
500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 V/Q 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.220500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 0.060.08 0.10 0.12 0.14 0.160.180.200.220500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.220
500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 F 
Value 0.208 0.062 512.65 -693.89 496.86 -0.062 0.835 
 
Table 5. Relative error of t between fitted value and experimental data when the flow volume of inert gas is 3.043L/s 
Experimental value  0 615 975 1405 1580 1640 1700 1760 1820 
Fitted value 262 508 795 1250 1594 1647 1771 1848 2049 
Relative error /% -- 17.38 18.45 11.03 0.88 0.43 4.01 4.76 11.18 
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Table 6. Fitted values of parameters when the flow volume of inert gas is 5.230L/s 
Parameters A 
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
0
500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 V/Q 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.220500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 0.060.08 0.10 0.12 0.14 0.160.180.200.220500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.220
500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 F 
Value 0.206 0.06 298.3 -572.75 297.82 -0.06 1.00 
 
Table 7. Relative error of t between fitted value and experimental data when the flow volume of inert gas is 5.230L/s 
Experimental value 0 120 240 427 479 672 936 
Fitted value 0.29 107 228 386 426 624 905 
Relative error /% -- 10.83 5.0 9.6 11.27 7.14 3.31 
 
Table 8. Fitted values of parameters when the flow volume of inert gas is 6.490L/s 
Parameters A 
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
0
500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 V/Q 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.220500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 0.060.08 0.10 0.12 0.14 0.160.180.200.220500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.220
500
1000
1500
2000
tim
e 
/s
O2 volume fraction
 experimental value
 fitted value
 F 
Value 0.202 0.035 240 -380.6 239.14 -0.035 0.945 
 
Table 9.  Relative error of t between fitted value and experimental data when the flow volume of inert gas is 6.490L/s 
Experimental value 0 146 227 298 409 472 703 803 
Fitted value 47 158 220 278 372 443 698 843 
Relative error /% -- 7.59 3.08 6.71 9.01 6.14 0.71 4.98 
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Fig. 4. Comparison of t between experimental value and fitted value with different flow volume of inert gas for (a) Q=3.043L/s, (b) Q=5.230L/s and (c) 
Q=6.490L/s. 
From the data shown in Table 4-6 we can see that: (1) the relative error of replacement time t between experimental 
value and fitted value does not exceed 19%; (2) for the experimental tank involved in this paper, the value of the diffusion 
coefficient F for the three-time replacement process are respectively 0.835, 1.000, and 0.945, so the full calculation formula 
of replacement time for the three experiments can be written as follows. 
0.835 ln
V A
t
Q C t
           
                                                                 
(12) 
ln
V A
t
Q C t
           
                                                                 
(13) 
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0.945 ln
V A
t
Q C t
           
                                                                 
(14) 
(3) Tables1-3 indicate that the replacement time decreases as the flow volume of inert gas increases. The flow volumes of 
inert gas in the third and second experiment are two times the flow volume of it in the first experiment, and the 
corresponding replacement times drop by half. This agrees quite well with the conclusion drawn from eq. 12 that t is in 
inverse proportion to Q. 
The fitting curves in Fig. 4(a)-(c) and the experimental data in Table 1-3 show that: (1) the three-time experimental data 
and fitting curves are in good agreement, and this also indicates that the eq. 12 can reflect the relationship between actual 
replacement time and O2 volume fraction accurately; (2) the O2 volume fraction descends quickly at the beginning of 
replacement process, however, the decline rate drops gradually as the replacement process goes ahead. In other words, the 
process of inert replacement becomes more and more difficult with the decreasing of O2 volume fraction in the oil tank. 
5. Conclusions 
Based on the mathematical calculation and experiments, it can be concluded that: 
(1) When , A and Q are constants, the relationship between the O2 volume fraction C(t) and the replacement time t 
follows a function of negative exponent and the replacement time t is in inverse proportion to the flow volume of inert gas Q; 
(2) The diffusion coefficient F is related to geometry size and shape of the oil tank, the diffusion property of the inert gas 
and the gas in the tank, the flow characteristics of each gaseous composition and other factors ect.. Under the different 
conditions of three experiments in this paper, the values of diffusion coefficient are 0.835, 1.000 and 0.945; 
(3) The O2 volume fraction descends quickly at the beginning of replacement process, however, the decline rate drops 
gradually as the replacement process goes ahead. In other words, the process of inert replacement becomes more and more 
difficult with the decreasing of O2 volume fraction in the oil tank. 
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